ABSTRACT: Using a validated finite element (FE) protocol, we quantified cartilage and labrum mechanics, congruency, and femoral coverage in five male patients before and after they were treated for acetabular retroversion with peri-acetabular osteotomy (PAO). Three-dimensional models of bone, cartilage, and labrum were generated from computed tomography (CT) arthrography images, acquired before and after PAO. Walking, stair-ascent, stair-descent, and rising from a chair were simulated. Cartilage and labrum contact stress, contact area, and femoral coverage were calculated overall and regionally. Mean congruency (average of local congruency values for FE nodes in contact) and peak congruency (most incongruent node in contact) were calculated overall and regionally. Load supported by the labrum was represented as a raw change in the ratio of the applied force transferred through the labrum and percent change following surgery (calculated overall only). Considering all activities, following PAO, mean acetabular cartilage contact stress increased medially, superiorly, and posteriorly; peak stress increased medially and posteriorly. Peak labrum stresses decreased overall and superiorly. Acetabular contact area decreased overall and laterally, and increased medially. Labral contact area decreased overall, but not regionally. Load to the labrum decreased. Femoral head coverage increased overall, anterolaterally, and posterolaterally, but decreased anteromedially. Mean congruency indicated the hip became less congruent overall, anteriorly, and posteriorly; peak congruency indicated a less congruent joint posteriorly. Clinical relevance: Medialization of contact and reductions in labral loading following PAO may prevent osteoarthritis, but this procedure increases cartilage stresses, decreases contact area, and makes the hip less congruent, which may overload cartilage. ß
Approximately 25% of people will develop hip osteoarthritis (OA). 1 As many as 20% of hip OA cases may be attributed to acetabular retroversion, 2 an abnormality characterized by an acetabular opening that lies more posterolateral than normal. 3 Studies suggest that retroverted hips are primarily characterized by deficiencies in posterior femoral head coverage, 4 ,5 with secondary increases in anterior coverage. 5 Loss of posterior coverage could cause chronic overload of cartilage 6 and/or deleterious loading to the labrum, 7, 8 which may cause OA in much the same way as that hypothesized for hips with traditional acetabular dysplasia. Anterior over-coverage, on the other hand, may cause symptoms and soft-tissue damage patterns more characteristic of patients with pincer-type femoroacetabular impingement (FAI). 9, 10 Anteverting peri-acetabular osteotomy (PAO) is used to relieve pain, improve range of motion 11 and prevent, or at least delay, OA in patients with acetabular retroversion. [10] [11] [12] [13] [14] In the PAO procedure, the acetabulum is transected free from the pelvis and reoriented to improve coverage. However, rather than rotating the acetabulum to improve anterolateral coverage as is done for traditionally dysplastic hips, the socket is anteverted to improve posterior coverage in retroverted hips. Reorientation of the retroverted acetabulum may increase posterior coverage, and have the simultaneous benefit of decreasing anterior coverage. However, despite the purported benefits, 10, 11, 15 there is scant biomechanical data to support the use of PAO in acetabular retroversion. One modeling study showed that peak and average contact stresses in retroverted hips were not significantly larger than those of asymptomatic screened controls on a regional or overall basis. 15 Accordingly, one could make the logical argument that PAO would not normalize stresses in retroverted hips, as stresses are already within the range of normal hips. Measurements of cartilage and labrum (i.e., chondrolabral) stress, contact area, and load sharing, before and after PAO would clarify the biomechanical implications of surgery, but these data are not available.
Improving the anatomic orientation of the hip may be critical to the success of PAO. For example, reducing anterior over-coverage may be necessary to resolve symptoms of impingement. However, one risk of PAO is that the acetabular fragment will be over-rotated, leading to posteroinferior impingement. 11 Comparisons of pre-and post-operative femoral head coverage would clarify the extent to which PAO is efficacious at improving the anatomic relationship between the femur and acetabulum. Coverage data could also form the basis of pre-operative planning or intra-operative guidance software that aims to prevent over-rotation.
Retroverted hips often present with aspherical femoral heads (e.g., 42% of patients with Legg-Calv ePerthes disease have radiographic signs of retroversion 2 ). Thus, PAO is likely to alter joint congruency in the retroverted hip. Minor deviations from a congruent joint have been shown to induce areas of high (or low) contact stress in a normal hip. 16 It is possible that a loss of joint congruency following PAO could increase chondrolabral stresses. However, to our knowledge, congruency and chondrolabral stresses have not been measured in retroversion patients before and after PAO. These measurements may help identify patients who would benefit from a combined surgical procedure (e.g., one that combines PAO with femoral osteochondroplasty to correct femoral head coverage and hip joint congruency simultaneously). 17 Chondrolabral mechanics cannot be measured in vivo. However, patient-specific finite element (FE) models that incorporate anatomy for the bone, cartilage, and labrum from volumetric medical image data can predict contact stresses in good agreement with experimental results. 18, 19 The three-dimensional (3D) CT-based FE models can also be analyzed to quantify femoral head coverage 5 and congruency. 7 Use of an FE model to calculate coverage and congruency enables quantification of these metrics in a loaded state, which may be more clinically relevant than those based on 3D surfaces generated using volumetric image data obtained in an unloaded, supine position. In this study, we used patient-specific FE models to quantify chondrolabral mechanics, coverage, and congruency before and after PAO in patients with acetabular retroversion. We hypothesized PAO would reduce peak and mean cartilage contact stress, increase cartilage contact area, reduce labral contact area, and reduce load support by the labrum. We also hypothesized PAO would decrease anterior coverage, increase posterior coverage, and yield a less congruent interface.
METHODS
Patient Recruitment, Radiographic Evaluation, CT Arthrography Five young adult males with symptomatic acetabular retroversion were recruited, imaged, and analyzed before and after PAO performed by a single surgeon (CLP). These five subjects represented a sub-set of 10 participants analyzed with FE analysis by Henak et al., prior to PAO. 15 Preoperatively, subjects were (mean [SD]) 185.4 (6.0) cm tall, weighed 81.0 (10.1) kg, had a body mass index of 23.5 (1.5) kg/m 2 , and were 21.5 (3.7) years old. Post-operatively subjects were 183.8 (6.2) cm, 79.0 (12.5) kg, 23.3 (2.3) kg/m 2 , and 24.7 (4.7) years old. All research procedures were performed in accordance with the Helsinki Declaration with informed consent and institutional board approval (University of Utah IRB 10983, 43600). Acetabular retroversion was diagnosed by the presence of a cross-over sign and posterior wall sign on an anteroposterior (AP) film. 3 CT arthrography with hip traction was performed using a protocol described previously. 20 The use of injected contrast agent and hip traction ensured that anatomy of the opposing layers of cartilage and the acetabular labrum was visible for 3D reconstruction. The CT protocol was repeated between 1 and 5 years after surgery.
Finite Element Mesh Generation and Analysis FE models were generated from the CT images using a protocol that has been shown to predict cartilage contact stresses in good agreement with results obtained in vitro 18, 19 . Briefly, CT images were segmented semi-automatically to define surfaces for the outer cortex, trabecular-cortical bone boundary, cartilage, and acetabular labrum (Amira v6, FEI, Hillsboro, OR) (Fig. 1) . This method of semi-automatic segmentation has been shown to yield a reconstruction error less than 10% for representing cartilage 21 and the thickness of the cortex, 22 which is sufficient to obtain accurate predictions of hip cartilage contact stresses. 18, 19 Cortical bone was represented as triangular shell elements with positiondependent thickness, calculated as the geometric distance between the inner and outer cortex. 18 Pelvic and femoral cartilage as well as the acetabular labrum was represented as hexahedral elements, generated by projecting a block mesh to the 3D reconstruction of segmented cartilage in TrueGrid (XYZ Scientific, Livermore, CA). 21, [23] [24] [25] The boundary between cartilage and labrum was assumed to be located where the concave acetabulum transitioned into the convex acetabular rim. 8 Element densities were based on previous mesh convergence analyses. 18 Constitutive models for bone, cartilage, and labrum followed other FE studies of the hip. 8, 18, 23 Here, bone was represented as isotropic linear elastic (E ¼ 17 GPa, n ¼ 0.29). 24 Cartilage was represented as a nearly incompressible, neo-Hookean hyperelastic material (G ¼ 13.6 MPa, K ¼ 1359 MPa), 21, 26 which was a simplification of cartilage behavior. 22, 25, 27 Despite this simplification, use of this constitutive model does not alter hip cartilage contact stresses substantially compared to more sophisticated representations of cartilage. 18 The labrum was represented as transversely isotropic hyperelastic 25 with material coefficients (
103) derived from experimental data of bovine tissue. 28 Here, C 1 referenced the shear modulus; equations describing the behavior of the fibers included material coefficients that scaled the exponential stress (C 3 ), specified the rate of collagen uncramping (C 4 ), the modulus of straightened collagen (C 5 ), and the stretch at which collagen straightened (l Ã ). Although material properties were derived from bovine tissue, research has demonstrated that predictions of labral mechanics are relatively insensitive to perturbations in material coefficients. 8 Bergmann's data was used to apply identical loading conditions in subjects before and after PAO, scaled to each subject's body weight (BW). 29 Activities included walking at toe-off (TO, 205% BW), mid-stance during walking (MS 203% BW), the transition of heel-strike and mid-stance for stair descent (SD 230% BW), heel-strike during stair ascent (SA, 252% BW), and rising from a chair (RC 190% BW). During loading, the pubis and sacroiliac joints were rigid. All boundary and loading conditions were assigned using the pre-processing software, PreView. 26 FE solutions were obtained using the nonlinear implicit solver NIKE3D. 27 Analysis of Chondrolabral Contact Mechanics FE solutions were visualized and post-processed in PostView. 26 The distribution of chondrolabral contact mechanics predicted by patient-specific FE models is quite complex. For example, models often show areas of focal loading to cartilage. 7, 15, 22, 23 It is difficult to capture the complexity of FE predictions using numerical or graphical comparisons alone. Thus, the change in FE predictions were assessed qualitatively by examining fringe plots of stress for each individual subject and loading scenario. Fringe plots were also created to visualize average acetabular cartilage contact stress. The same number of nodes and elements were used to represent acetabular cartilage across subjects; nodal connectivity was also preserved. This one-to-one correspondence made it straightforward to calculate an average stress at each node, but it was still necessary to define a single, representative mesh in which to map stress values. To select this representative mesh, the articulating surface of acetabular cartilage from each patient mesh was fit to a sphere. The mesh that had a radius closest to the mean radius was designated as the representative mesh. Nodal contact stress values of all subjects were mapped onto this representative mesh, and then averaged.
Results were quantitatively assessed by comparing mean and peak acetabular cartilage contact stress and mean contact area overall, and with respect to five anatomic regions (medial, lateral, superior, anterior, and posterior) (Fig. 1A ). Mean and peak labral contact stress and contact area were assessed overall, and at three anatomic regions (anterior, superior, and posterior regions) (Fig. 1B) . Peak cartilage and labrum contact stress was obtained by selecting the FE mesh node with the highest value. Mean cartilage and labrum stress was calculated as the mean of all nodes within a region where contact stress exceeded 0.0 MPa (i.e., average stress was calculated over the region in contact, not as an average over the entire acetabulum). Cartilage and labral contact area were calculated as the area of the faces of the FE mesh of acetabular cartilage or labrum that had a contact stress value that exceeded 0.0 MPa, divided by the total surface area available, and reported as a percent. The change in contact area was represented as the raw difference in values between operative states, not as a percent change. Finally, load supported by the labrum was calculated as the load transferred to the labrum divided by the total load applied to the FE model (i.e., ratio), and was represented as both a raw change in the ratio and percent change following PAO. Here, load to the labrum was calculated when considering the entire labral structure (i.e., regional analysis was not performed).
Analysis of Coverage and Congruency
Pre-and post-operative coverage of the femoral head was analyzed during MS. The MS was used for this analysis due to its generalizability as a neutral, standing position, and because walking is a high frequency activity. Coverage was analyzed by first defining the femoral head-neck boundary with plots of principal curvature. 5 The femoral head was then divided into four regions: anterior medial (AM), anterior lateral (AL), posterior medial (PM), and posterior lateral (PL) using methods described previously. 5 The curve representing the apex of the bony rim of the acetabulum was then projected to the femoral head at the loaded position of the FE model during MS. Finally, overall and regional coverage was calculated as a percentage of the area available. 5 The change in coverage was represented as the raw difference in values between operative states, not as a percent change.
Congruency between acetabular and femoral cartilage was measured using methods previously implemented by Henak et al. 7 Briefly, the magnitude and orientation of the principal curvatures at each FE mesh node where the acetabular and femoral cartilage meshes contacted one another was estimated using quadric methods. The nodal magnitudes and orientations of principal curvature were then used to calculate the root mean square (RMS) curvature value to provide a single measure of congruency at each node. 7 Here, a larger RMS curvature indicates a less congruent surface, whereas a smaller value indicates a more congruent surface. Congruency was calculated for both pre-and post-operative states using the MS model. The MS model was selected as it represents a neutral position and is a frequent activity of daily living. Peak and mean congruency were calculated overall, and on a regional basis according to the five anatomic regions used to analyze acetabular contact mechanics. Here, mean congruency was expressed as the average of local congruency values for FE nodes in contact, whereas peak congruency was expressed as the most incongruent FE node in contact.
Statistical Analysis
Paired-sample differences between pre-and post-operative states within the same subjects were assessed using a mixedeffects linear regression, where activities were nested within patients. We did not treat the various anatomical regions as independent tests when comparing chondrolabral contact mechanics, coverage, and congruency between pre-and postoperative configurations. As such, Finner's procedure was used to correct for multiple comparisons. 30 The number of comparisons required depended on the metric analyzed. For the analysis of acetabular cartilage contact mechanics (i.e., Figure 1 . Patient-specific 3D reconstructions of the pelvis in the pre-operative state. Acetabular cartilage (blue) was divided into medial and lateral regions (A) as well as anterior, superior, and posterior regions (B) for analysis of contact stresses, contact area, and congruency. The acetabular labrum (green) was divided into anterior, superior, and posterior regions to calculate labral contact stress and contact area.
MECHANICS AND MORPHOLOGY OF ACETABULAR RETROVERSION peak and mean contact stress, mean contact area), adjustment was made for two comparisons when analyzing the medial and lateral regions, and three comparisons when analyzing the anterior, posterior, and superior regions. Here, adjustments were not necessary for five comparisons since the medial/lateral regions overlapped with the anterior/ superior/posterior regions (see Fig. 1 ). For the analysis of labral contact mechanics, adjustment was made for three comparisons when analyzing the anterior, posterior, and superior regions. For the analysis of coverage, adjustments were made according to the four anatomic regions about the femur (AL, AM, PL, PM). The analysis of congruency was adjusted in the same manner as that for acetabular cartilage contact mechanics since congruency was reported relative to the same anatomic regions. Adjustments were not required when analyzing load to the labrum, as this was reported as a single value. Mixed-effects linear regression reports the mean difference between two measures, not the discrete value in each state, to ascertain if they are significant. Thus, where appropriate, the discrete values for each metric were reported in addition to a 95% confidence interval (CI) of the mean differences between pre-and post-operative states. All statistical analyses were performed in Stata (v13.0, StataCorp LP, College Station, TX), with plots generated using SigmaPlot (v11.0; Systat Software, San Jose, CA). Significance for all tests was set at p 0.05.
RESULTS
Surgery eliminated the posterior wall sign and crossover sign in all five patients, indicating that, based on radiographic evaluation alone, PAO was successful in normalizing the anatomic relationship of the hip.
Chondrolabral Contact Mechanics
When examining the fringe plots for each patient, cartilage contact stresses were complex in shape, but in general, appeared bi-centric in both operative states (Fig. 2) . There appeared to be greater variation in the pattern of acetabular contact stresses across patients as compared to the variation in stresses observed across operative states within the same subject. In general, acetabular contact stresses appeared to be higher throughout the acetabulum in the postoperative state. However, both operative states demonstrated areas of high, focal stress. The locations of these focal regions of high stress appeared to shift medially and posteriorly following PAO.
On qualitative inspection, when mapped to the representative mesh, acetabular cartilage contact stresses were generally increased in the post-operative state (Fig. 3) . Contact shifted medially following surgery, which was most evident during the MS, TO, SA, and SD activities. A posteriorly directed shift in contact was also observed, especially during the SD and RC activities, where regions of increased acetabular cartilage contact stress observed in the anterior region prior to surgery were all but eliminated in the post-operative state.
Significant changes in cartilage and labrum mean and peak contact stresses were observed (Fig. 4 ) (see Table S1 for the magnitudes of stress in each operative state). There were significant increases in the mean acetabular contact stress medially, superiorly and posteriorly, and a trend toward a significant increase overall (Fig. 4A) . Acetabular cartilage peak contact stress increased medially and posteriorly and trended toward a significant decrease laterally, but there were no significant changes overall (Fig. 4B ). There were no significant changes in the overall or regional mean contact stress on the labrum (Fig. 4C) . However, Figure 2 . Acetabular and labral contact stress in the pre-(top row) and post-operative (bottom row) state for walking at midstance (MS) for each patient (PT). Contact stresses were complex in shape, but appeared bi-centric in both operative states. Acetabular contact stresses appeared higher in magnitude in the post-operative state, and were located more medial, near the acetabular fossa. There was greater variation in the location and magnitude of stress across patients than that measured between operative states within the same subject. Note: The fringe scale has been set to a maximum of 8 MPa to show areas of elevated contact stress. However, peak contact stresses often exceeded 8 MPa.
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KNIGHT ET AL. significant decreases were observed in the peak stresses on the labrum in the superior region and overall (Fig. 4D ).
Significant changes in acetabular cartilage and labrum contact area (Fig. 5 ) and load to the labrum were observed (Fig. 6 ) (see Table S2 for the magnitudes of contact area and load to the labrum in each operative state). Here, acetabular cartilage contact area decreased significantly overall and in the lateral region, but increased medially (Fig. 5A ). There was a significant decrease in the contact area on the labrum overall, but no significant changes were observed on a regional basis (Fig. 5B) . As a ratio, load to the labrum decreased significantly overall (load to the labrum was not calculated regionally) when considering data from all loading activities (Fig. 6A) . On a per-activity basis, significant decreases were observed during MS and SA (Fig. 6A) . Similar findings were observed when representing load to the labrum as a percent change, where the labrum was unloaded by up to 65% (MS activity, Fig. 6B ).
Coverage and Congruency
Significant changes in joint coverage and congruency were observed (Fig. 7 ) (see Table S3 for the magnitudes of joint coverage and congruency in each operative state). In particular, coverage of the femoral head was significantly increased overall and in the AL and PL regions; coverage was reduced significantly in the AM region (Fig. 7A) . The RMS value indicated that the hip became significantly less congruent overall and in the anterior and posterior regions following PAO (Fig. 7B) . Peak congruency indicated that the hip became less congruent in the posterior region only (Fig. 7C) .
DISCUSSION
To our knowledge, this study is the first to analyze hip contact mechanics and morphometrics following PAO for the treatment of acetabular retroversion. Mean and peak acetabular cartilage contact stresses actually increased significantly following surgery and acetabular cartilage contact area decreased, which contradicts clinical intuition regarding the mechanical benefit of PAO. Despite these potentially negative changes, PAO medialized contact, thereby reducing load and stresses at the labrum. In addition, surgery increased posterior coverage. Although anterolateral coverage increased, anteromedial coverage decreased, and thus, it remains unclear if PAO is efficacious at preventing anterior hip impingement. Collectively, these results suggest that successful outcomes following PAO in retroverted hips 11, 31 may be due to a reduction in loads and stresses at the labrum and improved posterior coverage, and not the result of improved cartilage contact mechanics.
Reductions in cartilage contact stress may be important to prevent OA, as chronic exposure to static compression ex-vivo has been shown to damage hyaline cartilage. 32 Be it for the treatment of dysplasia or acetabular retroversion, PAO has the common goal of preventing OA by reducing cartilage contact stresses via an increase in femoral head coverage. 12, 14, 28 It was initially surprising to observe that, despite an increase in femoral head coverage, acetabular cartilage contact area decreased and contact stress increased following PAO. However, loss of congruency explained why cartilage contact stresses increased despite an improvement in coverage. Although none of the subjects in our study had Legg-Calv e-Perthes disease, each presented with loss of femoral head sphericity Contact also shifted medially following surgery, which was most evident during the MS, TO, SA, and SD activities. A posteriorly directed shift in contact was observed during the SD and RC activities. Note: The labrum has been removed as average labral stresses were very low. MS ¼ mid-stance during walking; TO ¼ walking at toe-off; SA ¼ heel-strike during stair ascent, SD ¼ transition of heel strike and mid-stance for stair descent; RC ¼ maximum joint reaction force during rising from a chair.
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and head-neck offset. Also, three of the five subjects received a secondary radiographic diagnosis of camtype FAI, which is not uncommon in hips with acetabular retroversion. 33 Rotation of an aspherical femoral head made the hip less congruent, which in-turn induced areas of focal loading as evidenced by qualitative inspection of the contact stress plots as well as statistically significant changes in contact stress and contact area. These findings suggest that surgeons should not assume an increase in coverage will yield a proportional reduction in stress as congruency also plays an important mechanical role. This suggestion is reinforced by findings from a recent clinical study with a minimum follow-up of 10 years that determined traditionally dysplastic hips with aspherical femoral heads had lower survivorship rates following PAO compared to patients with more spherically shaped femoral heads. 34 In the setting of acetabular dysplasia, it has been hypothesized that hip OA occurs in an outward-to-in fashion, 7 where excessive loads are placed on the acetabular labrum and chondrolabral junction, resulting in damage that progresses medially. OA could occur in a similar manner in retroverted hips, as both conditions are characterized by a loss of coverage. By medializing cartilage contact, PAO reduced lateral loading, thereby decreasing stress, contact area, and load transfer at the labrum. Although additional research is required, improvement in these metrics may halt the outward-to-in progression of OA. In addition, given that the labrum is nociceptive, reducing load sharing by the labrum may also alleviate pain. Furthermore, medializing contact may prevent feelings of instability, which is a common complaint among patients with acetabular insufficiency. However, medialization of the joint did not improve acetabular cartilage contact mechanics. In addition to the loss of joint congruency, we suspect that the orientation of the medial wall of the acetabulum may make it ill-suited to dissipate loads transferred across the hip. In particular, the medial wall is oriented roughly parallel with the applied joint reaction force. 29 Thus, cartilage at the medial wall may have to 
undergo larger strains to dissipate the same amount of force as that absorbed by cartilage along the roof of the acetabulum.
The five subjects examined in our study were also analyzed in the FE modeling study by Henak et al., prior to undergoing PAO. 15 Accordingly, our predictions in the pre-operative state agree with those reported by Henak. Nevertheless, minor differences were noted. For example, Henak et al. reported peak pressures in the range of 7-15 MPa, which is slightly less than 8-19 MPa reported in our study. In addition, average stresses predicted by Henak ($0.5-2.5 MPa) were less than our values ($2.4-4.7 MPa). These differences may arise because we only included a subset of the patients analyzed by Henak et al. In addition, we included the labrum in our FE models, Henak et al. did not. The labrum has been shown to bear load. 8 Intuition would therefore suggest that cartilage stresses measured in our study would be less than those reported by Henak, yet this was not the case. We attribute these differences to the way cartilage stresses were calculated. Specifically, Henak averaged peak contact stress over six anatomical regions (see Fig. 2 by Henak et al. 15 ); this approach reduced the peak stress reported for each region since the location of peak stress was different between patients. Along these lines, Henak calculated an average based on the entire surface available for contact, whereas we calculated an average over the region that was actually in contact, which explains why our average stress was higher.
The absence of the posterior wall sign and crossover sign following PAO may be indicative of a reduction in anterior coverage, an increase in posterior coverage, or a combination thereof. Based on our results, we suspect that it was an increase in posterior coverage that was primarily responsible for elimination of these signs. Specifically, on average, posterolateral femoral head coverage was more than doubled as a result of surgery. Anteromedial femoral head coverage was reduced, but interestingly, anterolateral coverage was significantly increased in almost the same amount. We would anticipate that an increase in anterolateral coverage would serve to retain the crossover sign, rather than eliminate it. Collectively, results for femoral head coverage indicate that surgeons should be cautious when making inferences regarding the positon of the anterior and posterior walls based only on the appearance of the posterior wall sign and cross-over sign. This suggestion is not new, as the ability of the cross-over sign to describe the true orientation of the acetabulum has been questioned extensively (e.g., Ref. 35 ). Our values of femoral head coverage in the anteromedial, anterolateral, posteromedial, and posterolateral regions were approximately 61%, 20%, 90%, and 28%, respectively, which correspond well with those reported by Hansen et al. for 16 retroverted hips using the same methodology to calculate coverage (52%, 19%, 81%, and 29%, respectively). 5 After surgery, we measured femoral head coverage for these regions at approximately 47%, 32%, 88%, and 58%, respectively, which, with the exception of anterolateral coverage, closely align with data reported by Hansen for 18 control subjects (44%, 18%, 89%, and 65%, respectively). Overall, this suggests that PAO may normalize the anatomic relationship of the hip. However, anterolateral coverage in the post-op group was larger than that measured in both the pre-op and control groups. It is currently unknown if symptoms of pincertype impingement are precipitated as a result of excessive anteromedial or anterolateral coverage. Thus, the clinical relevance of increased anterolateral coverage is unclear, but it at least calls into question the ability of PAO to eliminate pincer-type FAI. It is for this reason that future work should examine how changes in coverage following PAO affect dynamic motion of the hip, perhaps using techniques such as dual fluoroscopy to measure hip kinematics and estimate the location of the impingement site. 36 There are a few limitations to the study warrant discussion. The time-intensive process to generate and analyze patient-specific FE models in both pre-and post-operative configurations as well as the need for repeated CT scans prohibited the use of a large sample size. Also, it is possible that bone and/or cartilage remodeling could occur following PAO, but we performed the post-operative CT scan at short-term follow-up. To maintain consistency, identical boundary and loading conditions were applied across subjects and operative states using the Bergmann dataset. 29 Bergmann's data were acquired from hip OA patients who underwent hip arthroplasty, who were substantially older than the subjects in our study. Also, given that many retroverted patients experience reduced range of motion on clinical exam, it is likely that they also have adaptations to their gait, which may have been misrepresented using the Bergmann dataset. The use of identical loading and boundary conditions was justified, however, as it enabled us to focus on alterations in chondrolabral mechanics due to changes in femoral head coverage and congruency; it would have been difficult to isolate the mechanical importance of changes in coverage and congruency if patient-specific loading parameters were included. Finally, patients had screws in their hips at the time of the post-operative CT. Metal artifact was minimal, and thus, we do not believe it affected the accuracy of our segmentation. It is possible that the screws contributed to the strength of the pelvis, but screws were located some distance away from the acetabulum, and the osteotomy site had healed completely in all patients. Thus, we believe inclusion of the screws would have minimal impact on FE predictions of chondrolabral mechanics.
In conclusion, we found that PAO nearly doubled posterior coverage, decreased contact stress, substantially decreased load sharing to the labrum, and medialized the location of contact. Others have proposed that hip OA occurs in an outward-to-in manner in dysplastic hips by overloading the labrum. Accordingly, PAO may prevent OA in retroverted hips by unloading the labrum. However, the hip became less congruent, anterolateral coverage increased, and acetabular cartilage contact mechanics were not improved following PAO. The lack of improvement in acetabular contact mechanics was likely caused by a less congruent hip following surgery. In addition, medialization of the hip put the medial wall of acetabulum in contact with the femoral head, but this region may not dissipate loads effectively. A longer term follow-up of these patients will be necessary to establish the association between hip contact mechanics and survivorship following PAO. Ideally, FE models could be developed and analyzed for these patients at various time points to develop predictive models of OA based on chondrolabral contact mechanics. However, our protocol may be ill-suited for this purpose, as it requires exposure to radiation. Nevertheless, results obtained herein are clinically important, as they suggest surgeons should not assume an increase in femoral head coverage will yield a proportional decrease in contact stress.
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